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FOREWARD 


The Contact Heat Exchanger Development Program described herein was con- 
ducted during the two and a half year period from January 1981 thru June 1983. 
Approximately 15 months of this period resulted from the long delivery times 
of the compact heat exchanger core and metal diaphragm used in the prototype 
test unit. 

Mr. Mike Fleming performed the initial concept trade studies, designed, 
and tested the feasibility demonstration unit and initiated the prototype un- 
it design. Mr. John Oren finalized the prototype unit design and planned the 
prototype test. Mr. Harold Howell conducted the prototype test and had the un 
enviable task of program documentation. The program was directed by Mr. Roy 
Cox. \ 

Mr. Gary Rankin of NASA-JSC Crew Systems Division, served as the Contract 
ing Officer's Representative and provided valuable technical assistance and 
guidance throughout the program. 
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1.0 SUMMARY 


A two stage development program has been successfully completed for a 
connectable/disconnectable contact heat exchanger to be used in the construc- 
table radiator system under development by the NASA Johnson Space Center. 

The contact heat exchanger provides for heat transfer from the spacecraft cool- 
ant loop to a heat pipe radiator system. Individual heat pipe radiators are 
"plugged" into, or removed from the contact heat exchanger to provide an orbU con 
struction of a radiator system and replacement of individual panels for long- 
lived systems. 

The contact heat exchanger uses an all welded flexible metal diaphragm 
pressurized with gaseous nitrogen to clamp segmented heat exchangers around a 
circular heat pipe radiator element, Each radiator panel replacement cycle re- 
quires the expenditure of 0.06 pounds of nitrogen. A feasibility demonstration 
test article and prototype unit have been fabricated and tested to verify the 
design concept and thermal performance. A contact conductance of 1520 BTU/hr.. 
ft ^ °F at 300 psi was obtained for the prototype unit. This excellent ther- 
mal performance provides for a minumum area radiator system due to the small 
temperature difference between the spacecraft coolant loop and the heat pipe 
radiator. 

The concept also appears promising for solving a variety of spacecraft 
heat transfer problems including replaceable electronic equipment cold plates, 
spacecraft to spacecraft heat transfer and heat transfer between individual 
coolant loops and modular add-on thermal control systems. 

2.0 INTRODUCTION 

This report describes a development program for a contact heat exchanger 
to be used to transfer heat from a spacecraft coolant loop to a heat pipe rad- 
iator, The contact heat exchanger provides for a connectable/disconnectable 
joint which allows for on-orbit assembly of the radiator system and replace- 
ment or exchange of radiator panels for repair and maintenance. The contact 
heat exchanger does not require the transfer of fluid across the joint; the 
spacecraft coolant loop remains contained in an all welded system with no 
static or dynamic fluid seals. The contact interface is also "dry" with no 
conductive grease or interstitial material required. 


Figure 1 shows the Constructable Radiator System under development by the 
NASA Johnson Space Center. It consists of a series of single he^it pipe radi- 
ators assembled to form the spacecraft radiator system. Eac‘* heat pipe radi- 
ator is "plugged into" the spacecraft where the evaporator section of the heat 
pipe mates with the spacecraft coolant loop contact heat exchanger. 

The constructable interface contact heat exchanger was developed in two 
stages. First, concepts were evolved and screened. A concept was selected 
and a feasibility demonstration unit was fabricated and tested to verify the 
concept. Secondly, a full scale prototype unit was fabricated and tested to 
verify the design. Each of the development stages are described in this re- 
port, 


3.0 CONCEPT EVALUATION AND SELECTION 

Five concepts were established and evaluated for use as the constructable 
radiator interface: 

(1) Fluid Clamping - Round Evaporator Section 

(2) Fluid Clamping - Separate Heat Exchanger - 8 Shape 

(3) Fluid Clamping Using Conductive Fluid 

(4) Finned Evaporator With Gas Pressurized Bladder 

(5) Finned Evaporator With Overcenter Clamp/Deformation 

The evaluation is based on the heat pipe radiator design information pro- 
vided by NASA/ JSC. Separate high and low temperature loops are specified. The 
high temperature loop would have a radiator inlet temperature of 250°F and an 
outlet temperature of 40°F. An acetone heat pipe radiator will be used for the 
high temperature loop with a maximum single panel heat rejection of 2 kW. 

The low temperature loop will operate with a radiator inlet temperature of 
150°F and an outlet of 0°F. Ammonia will be the heat pipe fluid and the max- 
imum single panel heat rejection will be approximately 1 kW. 

Figure 2 shows the low temperature loop radiator area requirements for a 
typical 25 kW heat load as a function of the temperature difference between the 
fluid and the first radiator panel (contact heat exchanger ^T). With the radi- 
ator panels flowed in series, each panel successively operates at a lower temp- 
erature and hence rejects successively less heat. Therefore, the contact heat 
exchanger for each panel has a corresponding smaller fluid to heat pipe^^T. Fig- 
ure 3 shows that the first panel rejects 0.90 to 1.08 kW depending on the heat 
exchanger AT, and the last panel rejects only 0.22 to 0.24 kW. Thus, if the first 
panel had a 15°FAT the last panel would have only a 3.4°FAi‘. 
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It Is desirable to flow the constructable radiator panels In series, be- 
cause each heat pipe must operate at a temperature lower than the pane! fluid 
outlet temperature. Thus, an all parallel system would have all radiator pan- 
els operating below 0°F, 1n order to cool the fluid to 0°F, and the radiator 
area requirements would be excessive. For example, for a 25 kW heat load, the 
low temperature loop flowed In parallel woulii require 132 radiator panels as- 
suming a 15^F contact heat exchange AT, whereas the all series system would 
require only 53 panels (Figure 2), In a conventional pumped fluid radiator 
panel (such as the Space Shuttle Orbiter), the temperature difference between 
the fluid and radiator tube Is on the order of 5 to 10°F. The oumped fluid 
radiator with the relatively large fluid heat transfer area avail able, due to 
parallel flow tubes over the entire radiator area results In the minimum radi- 
ator area requirements. Thus, a contact heat exchanger AT of 5 to 10°F rep- 
resents a practical lower limit for comparison purposes. Figure 2 indicates 
that 51-52 panels are required for a first panel AT of 5*^F-10°F and 53 panels 
are required for a 15°FAT. Therefore, a contact heat exchanger design goal 
of 15°F would result in only a 1.9% to 3.9% increase In radiator area. More 
detailed trades may Indicate that higher AT's are allowable (a 25°F AT results 
in only a 9.8% Increase in panel area). However, a 15°FAT has been established 
as a preliminary design goal and will be used in evaluating the interface con- 
cepts. It should be noted that the temperature difference between the heat 
pipe evaporator wall and the condenser wall has not been Included In the above 
analysis in order to isolate the heat exchanger AT effects. 

3.1 CONCEPT DESCRIPTION 

Both the high temperature acetone and low temperature ammonia heat pipes 
utilise the monogroove design illustrated in Figure 4. The basic monogroove 
design contains two large axial channels, one for vapor, and one for liquid. 

A small slot separating the channels creates a high capillary pressure differ- 
ence that, coupled with the minimized flow resistance of the two separate chan- 
nels, gives the high axial heat transport. High evaporation and condensation 
film coifficients are provided by circumferential grooves in the vapor channel 
walls. 
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The resultant figure eight cross section and restriction of heat transfer to 
only the vapor channel presents a design challenge for the contact heat ex- 
changer. A round or flat interface is desirable for clamping the surfaces and 
providing efficient heat transfer. 

Concept 1* Figure 5, .provides a round cross section heat pipe and utilizes 
the coolant loop fluid for clamping pressure* The contact heat exchanger con- 
sists of a cylindrical sleeve into which the evaporator section of the heat 
pipe is inserted. The sleeve is made up of concentric inner and outer walls, 
separated by an annular fluid passageway. The inner wall is an axially con- 
voluted metal diaphragm, 0.003 inches thick, which deforms under fluid pressure 
and clamps against the heat pipe. The heat pipe is easily extracted or in- 
stalled by removing the fluid pressure. A high contact conductance is obtained 
due to the uniform contact pressure. The flexibility of the thin diaphragm al- 
lows it to conform to the waviness or other irregularities of the heat pipe sur- 
face. 

The fluid clamping concept has been ve;'ified by test. Figure 6 shows the 
contact heat exchanger test article. A 6 ft. long 1.0 inch diameter heat pipe/radi- 
ator panel was included in the test to provide a heat sink for the contact heat 
exchanger. Table 1 shows the test results, demonstrating that high contact con- 
ductances can be obtained by the fluid clamping technique. A complete test des- 
cription is given in Appendix A. 

Figure 7 presents a design nomograph for Concept 1. The top curve shows 
the required heat pipe length (contact area) as a function of the heat flux. 

Surface area and length are also shown. The bottom graph shows the overall 
temperature difference between the fluid and the heat pipe as a function of heat 
flux. Values are shown for contact conductances from 50 to 600 BTU/hr. ft. "F. 

The annular flow heat transfer coifficient was calculated to be 339.7 BTU/hr. 
ft.^ °F based on an R-21 flow rate of 1000 lb. /hr. 

The required length of the heat pipe in contact with the heat exchanger is 
obtained by entering the desired overall AT (15°F) of the bottom curve, reading 
across to the design contact conductance (500 BTU/hr. ft.^ °F), reading up to 
the appropriate heat pipe curve (ammonia or acetone), and reading across to the 
required length. A 7.3 ft, evaporator length is required for the acetone heat 
pipe, and the ammonia heat pipe requires a 3.2 ft. evaporator. 


♦This concept was conceived, fabricated and tested under Vought IR & D funds. 
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TABLE I 

FLUID CLAMPING LiEAT EXCHANGER TEST RESULTS 


T sink « -256°F 

R-21 FLOW. LB/HR 

INLET TEMP, °F 

R-21 PRESS, psia 

R-21iCiP. psid 

R-21 TEMP DROP, °F 

HEAT REJECTION, BTU/hr 

OVERALL CONDUCTANCE, BTU/hr ft^ °F 

CONTACT CONDUCTANCE, BTU/hr ft^ °F 

CONTACT AT, 


340 

1005 

2001 

3002 

3001 

33 

43 

46 

48 

69 

300 

300 

300 

300 

300 

0.25 

0.7b 

2.38 

3.14 

5.22 

5,63 

2.18 

1 .16 

0.79 

0.89 

465 

537 

571 

586 

671 

56.5 

95.5 

136.0 

160.0 

160.0 

580 

580 

580 

580 

580 


3.3 3.9 


4.1 


4.2 4.8 


Concept 2 (Figure 8) provides heat exchanger contact with only the vapor 
channel of the heat pipe and allows the heat pipe figure 8 shape to be retained. 
The heat exchanger core is segmented and is forced against the heat pipe by a 
separate fluid pressure between the outer sleeve and diaphragm. The heat ex- 
changer core increases the fluid hA over the annular flow of Concept 1 and po- 
tentially decreases the required contact area provided the high contact con- 
ductance between the heat exchanger and heat pipe can be retained. 

Figure 9 shows the design nomograph for Concept 2. As indicated the re- 
quired evaporator lengths are 14.3 ft, for the acetone heat pipe and 7.25 ft. 
for the ammonia heat pipe. Although the required lengths are considerably 
longer than for Concept 1, the required contact area has been reduced from ap- 
proximately 1.01 ft. to 0.90 ft. , The longer length requirement results from 
less area available per unit length due to the smaller diameter of the vapor 
channel and that only 270° of arc of the channel can be contacted. 

Concept 2 requires a separate fluid pressurization system to provide the 
contact pressure, but does not require shuting down the entire coolant loop, or 
isolating the coolant in the heat exchanger for radiator removal /insertion as 
does Concept 1, The pressure can be supplied by a gas or liquid. Liquid pres- 
surization sys‘*'ttjf? should include a spring loaded accumulator to allow for flu- 
id thensal e«(tikftsion and contraction with pressurization and pressure relief 
provided by a piston driven by an overcenter latch or other mechanical advan« 
tage device. The gas pressurization system could be high pressure storage 
with the small volume of heat exchanger gas expended during each radiator change 
out. Mechanical compression/decompression of the contact heat exchanger gas can 
be accomplished if expendables are not desired. It is anticipated that the num- 
ber of radiator change-outs will be relatively small during the spacecraft life 
and that the total gas expended will be small. 

A third thermal interface concept, illustrated in Figure 10, incorporates 
an interstitial fluid between the diaphragm and the heat exchanger. This allows 
the heat exchanger position to be fixed (no relative motion) during the radiator 
removal /insertion. Fluid pressurization and relief is accomplished in the same 
manner as discussed above for Concept 2. A brief survey of fluids indicated 
that a 50% copper powder/krytox mixture will provide acceptable thermal perfor- 
mance. The temperature drop through the fluid is small compared to the total ^T 
of 15°F, being 0.64°F for the ammonia heat pipe and 1.24°F for the acetone heat 
pipe. 
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Concept;> 4 and 5 involve flat plate contact heat exchangers which accom- 
odate the. radiator panel fin. Thus* the contact area is not required to con- 
form to the heat pipe cross section and larger contact areas can be obtained. 
However, there is an additional temperature drop in the radiator fin, i.e. heat 
must be conducted through the fin to the heat pipe. 

Figure II shows Concept 4„ An over-center latch is used to bring the fin 
and heat exchanger surfaces in contact and the pressurized bladder provides the 
final contact pressure. Figure 12 shows the results of a cursory structual an- 
alysis on the latch. Although the total force (144,000 lb.) is large, the 
latch dimensions are reasonable. 

Concept 5, shown in Figure 13, utilizes a curved back-up panel to provide 
a uniform contact pressure. The over-center latches provide the final contact 
pressure and would require considerable force to engage. With a latch mechan- 
ical advantage of 100:1, each latch would require a force of 112.5 lb. This 
could be reduced by having more latches, but assembly operations and weight 
would increase. Figures 14 and 15 show the contact length required for Concepts 
4 and 5 for the acetone and ammonia heat pipes. Figure 14 shows the length re- 
quired for one-sided heat input and Figure 15 shows the length required for two- 
sided heat input. 

3.2 COhCEPT SELECTION 

Table 2 summarizes the required evaporator lengths for each of the five 
concepts and the thermal interface weights. Table 3 summarizes the advantages 
and disadvantages of eoch concept. The on-orbit radiator panel construction and 
replacement operations are summarized in Table 4. Concept 2 was judged to have 
more advantages than the other concepts except for the complex diaphragm shape 
required for the figure 8 heat pipe cross section. Concept 2A, Figure 16, in- 
corporates the best features of Concept 1 and Concept 2. The round heat pipe 
cross section is maintained, a high fluid conductance (hA) is obtained from the 
heat exchanger core, and a separate pre?^suri zation system is utilized. 

4.0 FEASIBILITY DEMONSTRATION TEST 

The objectives of the feasibility demonstration test were; 

1. To assemble a contact heat exchanger using a flexible diaphragm and heat 
exchanger segments. 

2. To demonstrate operation of heat exchanger/heat pipe assembly and dis- 
assembly using the concentric heat pipe radiator. 
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TABLE 2 

COMPARISON OF HX WEIGHTS 


CONCEPT 

WT/FT 

LENGTH 


WT HX- 

•LB 


Evap Length 
LB 

Reqd. for 
Acetone 

15°F6T-FT 

Amonia 

Acetone 

Amonia 

1 . 

.781 

7.3 

3.2 

5.7 

2.5 

2. 

.364 

14,3 

7.2 

5.2 

2.6 

3. 

1 .494 

6.8 

4.2 

10.2 

6.3 

4. 

2.515 

9.8 

4.9 

24.6 

12.3 

5. 

2.805 

6.9 

3.0 

19.4 

8.4 
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3. To conduct an evaluation of the thermal performance of the heat ex- 
changer using a simulated heat pipe. 

All three of these objectives were successfully accomplished. The design 
of the feasibility test article was successfully fabricated and operation dem- 
onstrated. 

4.1 TEST ARTICLE DESIGN AND FABRICATION 

The test article design is illustrated in the sketch of Figure 17 and the 
photograph of Figure 18. Further detail of the design is given in Vought Draw- 
ings CR5’’ 772-002 and -003, Referring to Figure 17, the heat exchanger segments 
are made using split cylindrical thirds of a soft (2024T0) aluminum tubing. 

Small, 1/16 in. O.D. aluminum flow tubes are brazed on the outside. These tubes 
carry the heat transport fluid. The sections are formed to match the one inch 
diameter of the heat pipe evaporator. The sections are then installed into the 
diaphragm assembly which consists of 0.003 inch thick stainless steel diaphragm 
asseiiiably which has been pressure formed to accommodate the three segments and 
retain flexibility to allow sufficient movement to clamp the segments on a heat 
pipe installed in the center. The 0.003 inch diaphragm is transitioned into a 
cylindrical shape at the ends and welded into a 0.020 inch thick stainless steel 
outer shell. A fitting is installed into the wall of the outer shell to allow 
pressurization of the area between the outside of the diaphragm and the inside 
of the shell. After the segments are installed into the diaphragm assembly, the 
flow tubes are connected to a doughnut shaped manifold at the ends. A protec- 
tive cover is installed over the manifold. 

Operation of the heat exchanger is effected by inserting the heat pipe 
evaporator into the center of the heat exchanger segments. The segments are then 
forced into contact with the heat pipe by pressurizing the diaphragm with gaseous 
nitrogen. Heat is transferred from the heat transport fluid to the element sur- 
faces and into the heat pipe evaporator. Relieving the diaphragm pressure allows 
the heat pipe to be removed. 

4.2 TEST DESCRIPTION 

The approach taken to test the heat exchanger involved determination of the 
conductance across the contacting surfaces, comiiionly referred to as h^,. 
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This conductance has the same units and application as a convective film cofci- 
fficient, h» or ovt^rall heat transfer coefficient. In these formulations: 

Q = 

Q - heat load 

h- - contact conductances 

- contact surface area 

AT(. - temperature difference between the 

contacting surfaces 

Given the value of A^., measurements of Q and AT are required to define h^, values. 
The approach taken to obtain this data was to place thermocouples on the heat 
exchanger surface and on the simulated heat pipe contacting surface. The therm- 
ocouple locations were as shown in Figure 19. The simulated heat pipe consists 
of an aluminum tube with an electric resistance heater installed inside the tube 
to provide a heat load. Heat is transferred to the inside wall of the tube and 
removed by the fluid flowing through the heat exchanger. The direction of heat 
flow in this arrangement is the opposite of the normal operation of the heat 
pipe evaporator, however, this should cause no error in the measurement of con- 
tact conductance. TheATg is determined by the difference in the heat exchanger 
element temperatures and the simulated heat pipe temperatures. As shown in the 
overall test setup in Figure 20, additional immersion thermocouples were installed 
at the inlet and outlet of the heat exchanger and a flcwmeter used to determine 
flowrate. This allowed measurement of heat load, Q, by m CpAT. An additional 

measurement of Q from electrical measurements of power input to the heater was 

-5 

also taken. The test was conducted in a vacuum chamber at 10 torr or less pres- 
sure. Assembly and disassembly operations were conducted post test in atmos- 
pheric conditions. 

The test sequence established was as shown in Table 5. Data was taken over 
parametric variations of heat load, diaphragm pressures and flowrate. 

4.3 TEST RESULTS 

Twenty- five test points were taken over a range of pressures from 0 to 300 
psig at power inputs of 200, 250, 300, and 400 watts. A summary of the test 
points taken and the results are shown in Table 6, 

Test points at flowrates of 300 Ibm/hr and 200 Ibm/hr were taken during the 
testing . 
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Relatively low flowrates were used to provide a higher fluid temperature dif- 
ference across the heat exchanger for more accurate heat load measurements by 
the m CpAT method. Heat load calculated from electrical measurements differed 
from that from the flow measurements by up to 11% at the higher flowrate but 
less than 1% at the lower flowrate. The electrically measured heat load was 
used in the performance calculations. 

Using the average of inlet and outlet fluid temperatures as the bulk 
temperature and the heat exchanger segment temperatures as the wall temperatures 
allowed calculation of the convection heat transfer film coefficient and sub- 
sequently an overall heat transfer coefficient for the heat exchanger. The 
film coefficient values ranged from 232 to 292 BTU/hr-ft^-°F. These values are 
lower than could be obtained at a more representative flowrate since flow was 
in the laminar flow regime. It is expected that a flight heat exchanger design 
will achieve approximately 800 BTU/hr-ft^-°F at operating flowrates. 

The contact conductance vs diaphragm pressure for various heat loads are 
shown in Figures 21 and 22. The results followed the pattern of contact con- 
ductance measurements of previous investigations showing variation in conduc- 
tances depending on whether the pressure is being increased or decreased. High- 
er conductances are also observed for higner heat loads. In all cases the con- 
ductance measured exceeded the goal of 500 BTU/hr-ft^-°F at pressures below 200 
psi with conductances of over 600 BTU/hr-ft^-°F at the 300 psi maximum test pres 
sure. 

Figure 23 shows tne test results compared with two previous tests. The 
values are in the expected range for bare aluminum surfaces in a vacuum. 

Assembly and disassembly of the heat exchanger and simulated heat pipe in- 
dicated a very tight fit. This was likely due to lack of straightness of the 
heat exchanger elements which caused pinching at some points on the surfaces. 

In addition, the assembly of the device did not result in the designed clear- 
ance and made for a tighter fit. Future designs will be made with provision for 
adjustment of the clearance during assembly. 

The results of the feasibility demonstration revealed no reason this con- 
cept could not be carried into the prototype program with a high degree of con- 
fidence of success. 

4,4 EXPERIENCE WITH TEST HARDWARE FABRICATION 

Some difficulties were encountered during the fabrication of the test art- 
icle involving brazing of the heat exchanger, assembly of the part and welding 
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During the brazing operation some distortion of the tubular shape of the seg- 
ments was experienced* Efforts to straighten the segments resulted in some 
surface damage on the inside of the segments. The problem was resolved by 
roll forming the elements on a mandrel and polishing them to the desired one 
inch diameter. A few small areas of suv face imperfections were still present 
but were judged not to be large enough to impact performance* After fabrica- 
tion of the heat exchanger segments and application of the silicone rubber fil- 
ler, difficulty was encountered in assembling the heat exchanger and inserting 
a simulated heat pipe. Part of the difficulty was due to excess filler material 
which was subsequently trimmed. This allowed assembly, however, there was less 
clearance than originally planned. Insertion of the simulated heat pipe caused 
scuffing of the heat exchanger surfaces. To avoid this problem the heat ex- 
changer elements were placed on the simulated heat pipe and installed into the 
diaphragm assembly simultaneously. Welding the 1/16 tubes into the manifold 
proved to be difficult to achieve without leakage at the weld joints. The 
problem was never satisfactorily solved and epoxy was installed around the joints 
to stop the leakage* The test fluid was changed from R21 to water for lower 
pressure inside the tubes to make leakage from the epoxy joints less likely. 

Since the heat exchanger elements are expected to be made of compact core, this 
problem is not expected to have any impact on the prototype program. 

A third problem experienced involved the installation of the thermocouples 
on the simulated heat pipe evaporator. The initial and final methods for this 
installation are shown in Figure 24. The objective of these thermocouples was 
to measure the wall temperature on the tube which was used to simulate a heat 
pipe test. Initially, an attempt was made to epoxy bond the thermocouples to 
the tube and cover with a metal tape. Since the heat load is provided from a 
heater in the center of this tube any insulation from the aluminum wall can re- 
sult in errors in the temperature measurement. Initially these were not ex- 
pected to be significant, however, the results of the first test series indi- 
cated large temperature differences between measurements which did not follow 
the expected cooling pattern along the flow direction. In addition, indicated 
performance of the heat exchanger contact conductance was very poor and did 
not improve significantly with contact pressure. These thermocouples were sus- 
pect. The device was disassembled and the thermocouples reinstalled using the 
method shown as the final thermocouple installation in Figure 19. In this meth- 
od a small groove was cut in the tube outer surface into which the thermocouples 
were installed. 
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Two small holes were drilled in the bottom of the groove to pass the leads in- 
to the center of the tube and out the ends, This method resulted in good measur- 
inents which had the expected variation in the direction of the flow. 

5.0 PROTOTYPE TEST 

A prototype contact heat exchanger has been designed, fabricated and tested 
for thermal performance. The prototype test results verify the application of 
the nietal diaphragm concept to a flight representative heat exchanger. The test 
method was identical to the feasibility test in that the contact conductance be- 
tween a heat exchanger surface and a simulated heat pipe was determined by measur- 
ing the temperature difference between the two surfaces and the heat flow. Com- 
pact heat exchanger core and a metal diaphragm, both specifically fabricated for 
the prototype unit were purchased from United Aircraft Products and Stainless 
Steel Products respectively. The unit was assembled and tested in the Vought 
Space Environment Simulation Laboratory. 

5.1 TEST ARTICLE DESIGN 

The prototype contact heat exchanger design shown in Figure 25 consists of 
three cylindrical segment compact heat exchangers enclosed by a pressurizing dia- 
phragm assembly. The heat exchangers are designed to exchange heat from the Re- 
frigerant - 21, which flows through the heat exchangers, to the enclosed heat pipe. 
The active heat transfer length of the heat exchanger assembly is four feet and 
the inside diameter is designed to mate with a 1.6 inch diameter heat pipe. These 
dimensions were selected by NASA to match the configuration of the evolving heat 
pipe radiator design. 

The unit was assembled by clamping the three heat exchanger elements in 
place around a 1.6 inch diameter simulated heat pipe. The heat exchanger/heat 
pipe was then forced into the diaphragm assembly itnd the doughnut manifolds were 
welded to the heat exchanger tubes and the tubes mechanically attached to the 
diaphragm assembly. This procedure insured that the heat exchanger elements 
were positioned correctly in the diaphragm assembly prior to tube welding. How- 
ever, after completion of the welding, considerable force (approximately 150 lb.) 
was required to remove the simulated heat pipe. Approximately 100 lb. force was 
required to re-insert the heat pipe. Since these forces are unacceptable for 
on orbit operations it was decided to reduce the heat pipe diameter. Reduction 
of the heat pipe diameter from the nominal 1.6 inches to 1.56 inches provided a 
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non-interference fit and required approximately a 5 force for heat pipe re- 
moval and installation. Future assembly operations will utilize an oversized 
simulated heat pipe to insure that the final assembly accommodates the heat pipe 
design diameter, 

The compact heat exchanger supplied by United Aircraft Products is construc- 
ted with a ruffled configuration with a density of 20 fins/inch. Fin thickness is 
0,006 inch, Each cylindrical segment is designed to achieve an??hA of 1130 
BTU/hr at an R-21 flow rate of 1000 Ib/hr, The assembled three elements flowed 
in parallel therefore, have anTlhA of 3390 BTU/hr°F. Thus, for a 2 kW load, 
there is a 2°F temperature drop betv.een the R-21 and heat exchanger surface, 

Total contact area of the four feet long heat exchangers is 1.42 ft^. The heat 
exchanger contact surface had a 16 finish. 

Figures 26 thru 28 are photographs of the assembled contact heat exchanger. 
Figure 26 is an overall view. The manifold and heat exchanger tube details are 
shown in Figure 27. Figure 28 shows the insertion end with the simulated heat 
pipe in place, 

5.2 TEST SETUP AND INSTRUMENTATION 

The instrumentation of the test article is illustrated in Figure 29. Twenty- 
four thermocouples were installed inside the heat exchanger/heat pipe test as- 
sembly to measure the temperature drop across the contact surface. Twelve of 
the thermocouples were located on teh heat exchanger and twelve were located on 
the simulated heat pipe. Thermocouples were located at 4 stations along the 4 ft. 
length, beginning at 6 inches from the end and spaced 12 inches apart. Six 
thermocouples were located at each station with three pairs equally spaced around 
the circumference as shown in Figure 29. 

Additional instrumentation included the temperature of the R-21 into and out 
of the heat exchanger, the R-21 delta temperature and pressures, the flow rate 
and the electrical power to the heater. 

Heat was supplied to the contact surface through an electrical heater in the 
simulated heat pipe. The heater was constructed by wrapping 14 gage chrome! wire 
around a 1.0 inch diameter by .035 in. wall 6061 T-6 aluminum pipe which was in- 
serted inside the simulated heat pipe. The void between the heater elements and 
the simulated heat pipe was filled with Dow Corning DC4 thermal grease. The pow- 
er source to the heater was regulated DC power which varied up to 50 volts for 
2000 watts of power input. 
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By measuring the electrical input power (volts and amps) a very accurate measure 
of the heat exchanger heat load was obtained, The heat load was also measured via 
the fluid temperatures and flow rates, providing a heat load verification. 

Table 7 shows the stabilized temperatures recorded prior to the test with 
no R-21 flow and no heat input. The average of the 12 heat pipe thermocouples is 
seen to agree closely with the average of the 12 heat exchanger thermocouples. 

The 0.14°F difference would tend to make the calculated conductance lower. How- 
ever, no adjustment was made to the test data;v conductances are based on the ob- 
served temperature differences. 

5.3 TEST RESULTS 

Tests were conducted to evaluate the performace of the prototype contact heat 
exchanger for a range of contact pressures from 0 to 300 psig. Heat input ranged 
from 500 to 2000 watts, Thirty-four test points were made at vacuum conditions 
(10"® torr) and nine ambient pressure points were made. Table 8 summarizes the 
test conditions and data. 1000 Ib/hr was used for all test points except 22 and 
23. 

An example of the procedure used to reduce the test data is shown in Figure 
30. At each of four lengthwise locations, the three thermocouples on the heat 
exchanger were averaged. The three thermocouples on the simulated heat pipe were 
also averaged. The difference between the two averages is the contact tempera- 
ture difference at that location. The temperature differences are determined at 
each of the four locations in this manner. An overall average temperature dif- 
ference is then determined by averaging the four location averages. The contact 
conductance is then determined by the relation: 

A AT avg. 

Where: Q = Power input 

h^,= Contact Area 

ATavg - the average contact 

temperature difference 

Appendix B presents the test data for all 43 test- points. 

Figure 31 is a summary of the measured performance of the prototype »;ontact 
heat exchanger. Overall conductance from the heat pipe to the fluid is shown as 
a function of the contact pressure. Figure 32 shows the contact conductance as a 
function of the contact (diaphragm) pressure. The test data repeatability as in- 
dicated by the band on Figure 32 is good. 
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No trends were observed in the contact conductance with increasing or decreasing 
contact pressures or with heat load as long as the heat load resulted in measured 
temperature differences between the surfaces of at least 1.0°F. Test points 
3, 4. and 5 had a heat input of 500 watts, resulting in small temperature differ- 
ences and unreasonably high contact conductances (See Table 8). These data points 
are not used and all subsequent test points were conducted with a heat input of 
1000 to 2000 watts, Table 9 summarizes the test data repeatability. 

Figure 33 compares the test data to previous investigators. The prototype 
data shows a considerable improvement over the feasibility demonstration data and 
is somewhat higher than the results obtained by Leach (reference 1) for a bolted 
interface. The prototype data compares favorably with the data of Fletcher 
(reference 2). Apparently the surface irregularities of the feasibility demonstra- 
tion unit caused by the heat exchanger tube brazing resulted in a lower contact 
conductance, although the results are acceptable. 

A comparison of the vacuum and ambient pressure test results is shown in Fig- 
ure 34. The ambient test conductance is seen to be less than the vacuum conduc- 
tance at pressures above about 100 psig. This result was not expected and the 
data was verified by repeating a number of test points. The first 23 vacuum test 
points and four ambient pressure test points (24 thru 27) were conducted with the 
entire test article wrapped in a 10 layer aluminized mylar super insulation blanket. 
The blanket had a generous amount of over lapping and was secured with mylar tape. 

It was considered a possibility that the pressure inside the insulation "bag" was 
higher than the chamber pressure such that the true test conditions were not vac- 
uum. Therefore, the insulation blanket was removed from the ends of the unit to 
allow the contact area to vent directly into the chamber and four vacuum test 
points (28 thru 31) were repeated. Contact conductances with the revised blanket 
configuration were slightly higher than the "bagged" configuration, but within the 
experimental accuracy. A theory was advanced that the ambient pressure (14.7 psia) 
on the diaphragm during the chamber pumpdown trapped air between the contact sur- 
faces and thus improved the contact conductance. The test article was re-configured 
to vent the diaphragm to the chamber during pump down to eliminate any pressure 
differential between the contact surfaces. A 2k, hour hold period at a chamber pres- 
sure of 10"^ torr was also incorporated before the diaphragm was pressurized. 

Seven additional test points were repeated (32 thru 38) with the results verifying 
the previous testing. The ambient test data was then repeated (test points 39 thru 
43) with the results again verifying the lower than vacuum conductances. 
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It should be noted that test points 32 and 43, conducted with no pressure 
differential between the contact surfaces at vacuum and ambient conditions re- 
spectively, yield expected results. The ambient contact conductance of 67 BTU/hr 
ft^ °F Is considerably higher than the vacuum value of 5.4 BTU/hr ft^ °F. 

A definitive explanation for the ambient pressure conductance being less 
than the vacuum conductance Is not available. It can be postulated that the smooth 
surfaces and uniform pressure results in microscopic deformation of the contacting 
surfaces allowing intimate contact and high conductances under vacuum conditions, 
whereas in ambient pressure air trapped in the micro-voids prevents intimate con- 
tact and reduces the conductance. Further analytical investigations beyond the 
scope of this effort are required to confirm this theory. 

Figure 35 shows the heat exchanger pressure drop test data taken at a R-21 
temperature of 65°F. This pressure drop includes the manifolds, connecting tubing 
between the manifold and heat exchanger. 

5.4 PROTOTYPE PERFORMANCE WITH CURRENT RADIATOR DESIGN 

Table 10 summarizes a constructable radiator system design based on the pro- 
totype contact heat exchanger performance data and the current heat pipe radiator 
performance data furnished by NASA. The current heat pipe design has 6 evaporator 
legs each 1.6 Inches In diameter and 2 ft. long for a total available contact area 
of 5.03 ft^. 

The contact heat exchanger performance has been extrapolated to the lower flow 
rates resulting from the six parallel evaporator legs. As indicated by Table 10, 
the heat exchanger conductance (hA) is the limiting heat transfer method rather 
than the contact conductance for the reduced flow rates. The overall heat ex- 
changer AT is determining by simultaneous solution of the first radiator panel per- 
formance characteristics (see Figure 3) and the heat exchanger performance charac- 
teristics. A total of 50 radiator panels will be required as determined from Fig- 
ure 2. As previously discussed, this analysis does not include the temperature 
drop in the heat pipe and isolates the effect of the contact heat exchanger per- 
formance on the radiator system design. 

The prototype heat exchanger is seen to give excellent radiator system per- 
formance and provide a minimum radiator area. The total heat exchanger system 
pressure drop of 15.0 psi is quite reasonable for a 25 kW system. However, further 
optimization of the heat exchanger core to accommodate the reduced flow rate should 
yield a more efficient design. 
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TABLE 10 

PROTOiyPE CONTACT HEAT EXCHANGER PERFORMANCE FOR A TYPICAL DESIGN 




A smaller, lighter weight core design with a higher heat transfer coefficient 
should yield comparable or improved heat exchanger performance with a reduced 
system weight, 

6.0 CONCLUSIONS AND RECOMMENDATIONS 

A contact heat exchanger which provides the thermal interface between a 
spacecraft coolant loop and a modular constructable radiator system has been 
successfully developed. Efficient thermal performance has been demonstrated by 
testing of a feasibility demonstration unit and a prototype unit. A contact con- 
ductance of 1520 BTU/hr. ft^ °F at a pressure of 300 psi was obtained in the full 
size prototype unit. The pressurized metal diaphragm concept is considered de- 
sign ready for application to the constructable radiator system. It provides a 
simple direct method of retaining and releasing the heat pipe radiator panels. 
Each panel replacement cycle requires only 72 in.^ of 300 psi nitrogen gas (.06 
lb.) for the current 6 leg evaporator heat pipe design. Due to the high contact 
conductances provided by the uniform diaphragm pressure, the final design may not 
require a 300 psi contact pressure and the expendable gas may be further reduced. 

Further studies are recommended to weight optimize the heat exchanger core 
and incorporate a redundant coolant loop into the design. Studies are needed to 
determine the required opening size relative to the heat pipe size to insure 
ease of on-orbit assembly. Revised diaphragm designs to increase the open to 
closed diameter ratio need to he verified. It is also recommended that addi- 
tional studies be conducted to evaluate the use of liquids for pressurization of 
the heat exchanger diaphragm. This could lead to a simple mechanical release/ 
repressurization concept lending itself to electromechanical operation with EVA 
backup. 

ilumerous spacecraft thermal control system concepts require the use of 
efficient connectabl e/disconnectable thermal joints. The pressurized metal 
diaphragm concept appears applicable to many of these design problems. With the 
high conductance values available at relatively low contact pressures, weight 
efficient flat heat exchanger designs appear possible. New design studies are 
recommended to expand the use of the contact heat exchanger to replaceable 
electronic equipment cold plates, spacecraft to spacecraft heat transfer and 
heat transfer between individual coolant loops and modular add-on thermal control 
systems. 
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Figure 1 o Photograptis of Feasibility Demonstration Test 
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FIGURE 24 
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FIGl'RE 26 
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FIGURE 2S 
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DIAPHRAGM PRESSURE - PSIG 
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INTRODUCTION 


This Quick Look Report describes the results of thermal vacuum and 
ambient tests conducted on the contact heat exchanger for a replaceable con- 
centric heat pipe radiator panel. The tests were conducted on the IR&D task 
"Heat Pipe Radiator Test and Analysis'*. The tests were performed on 27 and 
30 April* 1979* in the Vought Space Environment Simvilation Chamber. 

The test article consisted of (1) a heat pipe radiator panel* and (2) 
a contact heat exchanger manifold to interface the heat pipe panel with a 
pumped fluid loop. The heat pipe panel consists of a 6-ft. long by 1-inch 
diameter concentric aluminum/ ammonia/ aluminum/propane heat pipe adhesively 
bonded into a 1+.5 ft. x 1.1 ft, x 0.5 in. honeycomb panel. Fabrication and 
thermal vacuum performance of the heat pipe panel has been previously reported. 

The contact heat exchanger consists of a cylindrical sleeve, 1.04" I.D. 

X 12" long, which slides over the evaporator section of the heat pipe. The 
sleeve* illustrated in Figures 1 and 2* is made up of concentric inner and outer 
walls, separated by a 0.1" annular fluid passageway. The inner wali. is an 
axially convoluted nickel diaphragm, 0.003" thick, which deforms slightly under 
fluid pressure and clamps against the heat pipe. The nickel wall is made by 
nickel plating. a mandrel that has been cast from a low melting-point alloy. 

After plating, the mandrel is melted out leaving the nickel shell. The outer 
wall is stainless steel tubing, with fluid inlet and outlet • ollector weldments. 
The nickel inner wall is silver soldered into the outer steel tube. 

The unique advantage of this design is the ability to easily install or 
remove the heat pipe from the heat exchanger assembly. At the same time a high 
contact conductance may be obtained to minimize the contact temperature drop. 
This high contact conductance is obtained because of the xuiiformly high contact 
pressure possible with this design and does not require precise matching of 
the heat exchanger to the heat pipe. The flexibility of the thin nickel -plated 
heat exchanger surface allows it to conform to any waviness or other irregulari- 
tjes of the heat pipe outer wall. The 0.02 inch radial clearance provided 
between the unpressui’ized heat exchanger wall and the heat pipe allows for 
tolerances in the heat pipe diameter as well as easy insertion and removal of 
the heat pipe. 

The current series of tests was run to obtain experimental data for the 
contact thermal performance both in vacuum and in air. 
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TEST SETUP 


The thermal vacuum test vas conducted in Vought's 12 foot vacuum chamber. 
Liquid nitrogen wall temperatures were maintained throughout the vacuum test. 
Freon 21 was used as the heat transport fluid. Immersion thermocouples were 
used to measure the Freon inlet and outlet temperatures. These thermocouples 
were wired in a delta arrangement to allow accurate measurement of the fluid 
temperattire drop. Pressure transducers in the fluid loop allowed measurement 

of the pressure drop through the manifold and heat exchanger assembly. 

« 

Prior to installation in the vacuum chamber, the heat exchanger was slid 
onto the evaporator section of the heat pipe and leak tested with helium up to 
a pressure of 350 psig. No leaks were detected. Verification of a high contact 
pressure was made by trying to slide the pressurized heat exchanger off of the 
heat pipe. At a gas pressure of 10 psig the heat exchanger was already clamped 
tight enough that it could not be moved by hand. Releasing the gas pressure 
avowed the heat exchanger to easily slide off of the heat pipe. 


RESULTS AND ANALYSIS 


Tests points were taken at fliiid flow rates ranging from 320 to 3000 Ib/hr 
and inlet temperatures of 33°F to 69°F during the vacuum test and 120®F to 126°F 
during the ambient test. ‘The results of the vacuum test are presented in 
Table l(a). The heat rejected was determined from the measured fluid temperature 
drop and checked with a radiation heat balance. The overall heat transfer 
coefficient per \mit area, U, was calculated knowing the amount of rejected heat 
and the measured temperature difference between the Freon and the adiabatic 
region of the heat pipe. This value of U includes the fluid heat transfer coef- 
ficient, the contact conductance, and the evaporative heat transfer coefficient 
of the heat pipe. Since the value of the contact conductance, he* was the only 
unknown it could be calculated with the following equation. 


h - 
c 


1 ^ (■__ 1 

A r 1 ■ . 1 1 •' 

« ' IhA57 ThTT J 


Where A is area and the subscripts f and e refer to the fluid and the heat pipe 
evaporator respectively. The calculated value of contact conductance was 
580 BTU/hr-ft^-°F. This value is slightly lower than the value hg = 7^0 BTIJ/hr- 
ft2-°F reported for aluminum-to-aluminum at the same contact pressure (Ref. 1), 
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This difference may be explained by the fact that the heat pipe evaporator was 
not machined to a smooth finish. Scotch Brite was used to smooth the heat 
pipe evaporator and many small scratches were visible. 

Following the thermal vacuum test an ambient test was conducted in order 
to obtain a correlation between the contact conductance in a vacuum and in an 
air atmosphere. The test setup was the same as for the vacuum test. The re- 
sults of this test are presented in Table 1(b). The calculated contact con- 
ductance for the heat exchanger in air was 198O BTU/hr-ft^-®?. The ratio of 
the contact conductances in air and in vacuum is 198O/58O = 3.4. This compares 
well with the 3.2 value of this ratio reported for stainless steel at a contact 
pressure of 450 psi (Reference 2). 
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